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SINGLE INTERCONNECT PROVIDING READ 
AND WRITE ACCESS TO A MEMORY 
SHARED BY CONCURRENT THREADS 

CROSS-REFERENCES TO RELATED 
APPLICATIONS 

The present disclosure is related to the following com 
monly-assigned co-pending US. Patent Applications: appli 
cation Ser. No. 11/554,552, ?led of even date herewith, 
entitled “Shared Memory For Concurrent Threads in a Mul 
tithreaded Processor Core”; application Ser. No. 11/554,546, 
?led of even date hereWith, entitled “Parallel Access and 
Access Con?ict Resolution Mechanism”; and application 
Ser. No. 11/305,178, ?led Dec. 15, 2005, entitled “Parallel 
Data Processing Systems and Methods Using Cooperative 
Thread Arrays.” The respective disclosures of these applica 
tions are incorporated herein by reference for all purposes. 

BACKGROUND OF THE INVENTION 

The present invention relates in general to multithreaded 
processor systems and in particular to a memory that can be 
shared by concurrent threads With a single interconnect that 
provides both read and Write access to the shared memory. 

Parallel processing computer systems, including proces 
sors that can manage multiple concurrent threads, are knoWn 
in the art. For large processing tasks, parallel processing can 
speed throughput by enabling the computer system to Work 
on multiple independent parts of the processing task at once. 
For example, in graphics processors, each vertex or pixel is 
typically processed independently of all other ver‘tices or 
pixels.Accordingly, graphics processors are usually designed 
With a large number of parallel processing pipelines for ver 
tices and forpixels, alloWing many ver‘tices and/or pixels to be 
processed in parallel threads, Which accelerates rendering of 
an image. The graphics pipelines usually do not share data 
With each other, apart from state parameters (also referred to 
as constants) that are usually common to large groups of 
vertex threads or pixel threads. The constants are usually 
stored in on-chip registers to Which the pipelines have read 
access; any required updating of constants is handled via a 
separate control path. 

For other types of processing tasks, it is sometimes desir 
able to alloW different threads to share data. For instance, 
multiple threads may operate on different, overlapping parts 
of an input data set. As another example, it may be desirable 
for one thread to consume data produced by another thread. 
Sharing of data is usually managed by alloWing multiple 
threads to access a common set of memory locations. 

Existing shared memory systems tend to have signi?cant 
overhead. In one model, shared memory is located on a sepa 
rate chip from the parallel processors. Because the shared 
memory is off-chip, access is relatively sloW. Further, sema 
phores or the like are typically used to prevent con?icting 
access requests so that, in effect, only one thread at a time has 
access to the shared memory. In another model, each proces 
sor in a multiprocessor parallel system maintains its oWn 
cached copy of all or part of the shared memory. Keeping the 
caches coherent, hoWever, can incur considerable overhead. 

It Would therefore be desirable to provide a shared memory 
subsystem With loW latency and support for multiple parallel 
access operations. 

BRIEF SUMMARY OF THE INVENTION 

Embodiments of the present invention relate to a shared 
memory usable by concurrent threads in a multithreaded pro 
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2 
cessor, in Which any addressable storage location is readable 
and Writeable by any of the threads. Processing engines that 
execute the threads are coupled to the shared memory via an 
interconnect that transfers data in only one direction (e.g., 
from the shared memory to the processing engines); the same 
interconnect supports both read and Write operations. The 
interconnect advantageously supports multiple parallel read 
or Write operations. The single-direction data interconnect 
can reduce chip area and poWer consumption as compared to 
providing separate read and Write interconnects. In some 
embodiments, the shared memory is accessed as a shared 
cache memory (through associative tag lookup); in others, 
locations in the shared memory are accessed directly by 
address. Accordingly, the term “shared memory” as used 
herein is to be understood as including cache memory as Well 
as directly accessed memory. 

According to one aspect of the present invention, a proces 
sor core includes a shared memory having addressable stor 
age locations, a number of processing engines and an inter 
connect circuit. The processing engines are each adapted to 
execute a different thread of a group of threads in parallel. 
Each thread of the group of threads includes at least one 
instruction that, When executed, results in an access to a target 
one of the addressable storage locations in the shared 
memory. The interconnect circuit couples the processing 
engines to the shared memory such that any one of the addres 
sable storage locations in the shared memory is readable and 
Writeable by any one of the processing engines. The intercon 
nect circuit is advantageously adapted such that data is trans 
ferred through the interconnect circuit in a same direction 
during both read operations and Write operations. For 
instance, in some embodiments, data moves through the inter 
connect circuit in a direction from the shared memory to the 
processing engines during both read operations and Write 
operations. 

In some embodiments, the shared memory includes a plu 
rality of banks. The interconnect circuit may include a data 
interconnect (e.g., a crossbar circuit) adapted to deliver data 
from the plurality of banks in parallel to more than one of the 
processing engines, and the data interconnect can be further 
adapted to selectably transfer data received from any one of 
the banks to any one of the processing engines. In some 
embodiments, the processor core also includes an address 
interconnect circuit (e.g., a crossbar circuit) adapted to 
deliver respective target address in parallel from different 
ones of the plurality of processing engines to different ones of 
the plurality of banks; a target address from any one of the 
plurality of processing engines is advantageously deliverable 
to any one of the banks. 

In some embodiments Where the shared memory includes 
multiple banks, the processor core also includes a number of 
local register ?le lanes, each local register ?le lane being 
assigned to a different one of the processing engines. A ?rst 
Write path couples a surrogate one of the processing engines 
to deliver Write data to a ?rst one of the banks. During a Write 
operation, the interconnect circuit is con?gurable to deliver 
data associated With a Write request targeting a location in the 
?rst one of the banks from the local register ?le lane associ 
ated With a source one of the processing engines to the sur 
rogate one of the processing engines. A number of Write paths 
equal to the number of banks can be provided, and each Write 
path advantageously couples a different one of the banks to 
receive Write data from one of the processing engines: Where 
the number of banks is equal to the number of processing 
engines, each Write path may couple a different one of the 
processing engines to a different one of the banks. 
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In some embodiments Where the number of banks in the 
shared memory is equal to the number of processing engines 
and Where each bank is associated With a different one of the 
processing engines, the processing core further includes read 
selection circuits and Write steering circuits. Each read selec 
tion circuit is coupled to receive data from a respective one of 
the local register ?le lanes and from a respective one of the 
banks of the shared memory, and each read selection circuit is 
adapted to select betWeen received data from the local register 
?le lane and received data from the shared memory bank. 
Each read selection circuit is also adapted to deliver the 
selected data to a respective input of the data crossbar. Each of 
the Write steering circuits is coupled to receive data from a 
respective one of the processing engines and is adapted to 
steer the received data selectably to either the local register 
?le lane assigned to the respective one of the processing 
engines or the one of the banks of the shared memory asso 
ciated With the respective one of the processing engines. 

According to another aspect of the present invention, a 
method of Writing data to a shared memory in a processor 
having multiple processing engines operable in parallel 
includes identifying a Write-source location for Write data. 
The Write-source location can be a local storage location (e.g., 
in a local register ?le) associated With the source processing 
engine. The Write-source location is associated With a source 
one of the processing engines. A Write-target location in the 
shared memory to Which the Write data is to be Written is also 
identi?ed. The Write-target location is Writeable via a direct 
path by a surrogate one of the plurality of processing engines. 
The Write data is transferred from the Write-source location to 
the surrogate processing engine via an interconnect circuit 
that is adapted to selectably deliver data from any location in 
the shared memory or any local storage location to any one of 
the processing engines. The surrogate processing engine is 
operated to Write the Write data via the direct path to the 
Write-target location in the shared memory. In some imple 
mentations the Write data path via the surrogate processing 
engine may be reduced to a loW-latency bypass path; in other 
embodiments, the path traverses a processing pipeline of the 
surrogate processing engine. 

In some embodiments, transferring the Write data includes 
delivering the Write data from the Write-source location to a 
selection circuit that selects betWeen data from the local reg 
ister ?le associated With the source processing engine and 
data from a location in the shared memory. The selection 
circuit operates to deliver the Write data to the interconnect 
circuit; and the interconnect circuit operates to deliver the 
Write data to the surrogate processing engine. 

In some embodiments, the same circuits are used to per 
form a read operation. For example, a read operation can 
include identifying a read-source location in the shared 
memory, the read-source location storing read data. A read 
target location to Which the read data is to be delivered is 
identi?ed. The read-target location being associated With a 
destination one of the plurality of processing engines and 
might be, e.g., in a local register ?le associated With the 
destination processing engine. The read data is transferred 
from the read-source location to the destination one of the 
plurality of processing engines via the interconnect circuit, 
and the destination one of the plurality of processing engines 
operates to load the read data into the read-target location. 

According to a further aspect of the present invention, a 
method of Writing data to a shared memory in a processor 
having multiple processing engines operable in parallel 
includes identifying, in parallel, a ?rst source location for ?rst 
data to be Written and a second source location for second data 
to be Written. The ?rst source location and the second source 
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location are associated, respectively, With a ?rst source one of 
the processing engines and a second source one of the pro 
cessing engines. A ?rst target location for the ?rst data and a 
second target location for the second data are identi?ed in 
parallel. Each of the ?rst and second target locations is in the 
shared memory; the ?rst target location is Writeable via a 
direct path by a ?rst surrogate one of the plurality of process 
ing engines and the second target location is Writeable via a 
direct path by a second surrogate one of the plurality of 
processing engines. The ?rst data and the second data are 
transferred in parallel from the ?rst and second source loca 
tions to the ?rst and second surrogate processing engines, 
respectively, via an interconnect circuit that is adapted to 
deliver data from any location in the shared memory to any 
one of the processing engines. The ?rst and second surrogate 
processing engines operate in parallel to Write the ?rst data 
and the second data to the ?rst target location and the second 
target location, respectively. The same processing engine can 
be used, e.g., as the ?rst source processing engine and the 
second surrogate processing engine during this operation. 

In some embodiments, the ?rst source location is a location 
in a ?rst local register ?le lane assigned to the ?rst source 
processing engine, and the second source location is a loca 
tion in a second local register ?le lane assigned to the second 
source processing engine. Transferring the ?rst data and the 
second data may include delivering the ?rst data from the ?rst 
source location to a ?rst selection circuit that selects betWeen 
data from the ?rst local register ?le lane and data from one of 
a ?rst subset of locations in the shared memory and, inparallel 
With delivering the ?rst data, delivering the second data from 
the second source location to a second selection circuit that 
selects betWeen data from the second local register ?le lane 
and data from one of a second subset of locations in the shared 
memory. The ?rst selection circuit and the second selection 
circuit operate in parallel to deliver the ?rst data and the 
second data to the interconnect circuit. The interconnect cir 
cuit operates to deliver the ?rst data to the ?rst surrogate 
processing engine and the second data to the second surrogate 
processing engine. 
The folloWing detailed description together With the 

accompanying draWings Will provide a better understanding 
of the nature and advantages of the present invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram of a computer system according 
to an embodiment of the present invention; 

FIG. 2 is a block diagram of a graphics processing unit 
usable in an embodiment of the present invention; 

FIG. 3 is a block diagram of a shared register ?le imple 
menting a shared memory according to an embodiment of the 
present invention; 

FIG. 4 illustrates one address format that can be used for 
byte-addressable data in a shared memory according to an 
embodiment of the present invention; 

FIG. 5 illustrates virtual addressing in a shared register ?le 
implementing a shared memory according to an embodiment 
of the present invention. 

FIG. 6 is a How diagram of a process for detecting and 
resolving con?icts among a number of target addresses 
included in a parallel group of shared memory access requests 
according to an embodiment of the present invention; 

FIG. 7 is a block diagram of an address con?ict logic 
subsystem according to an embodiment of the present inven 
tion; 
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FIG. 8 is a block diagram of a con?ict detection unit for the 
address con?ict logic subsystem of FIG. 7 according to an 
embodiment of the present invention; 

FIG. 9 is a block diagram of a broadcast selection unit for 
the address con?ict logic subsystem of FIG. 7 according to an 
embodiment of the present invention; 

FIG. 10 is a block diagram of a decision logic unit for the 
address con?ict logic subsystem of FIG. 7 according to an 
embodiment of the present invention; 

FIG. 11 is a block diagram of a bank steering unit for an 
address interconnect for a shared memory according to an 
embodiment of the present invention; 

FIG. 12 is a block diagram of a data steering unit for a data 
interconnect for a shared memory according to an embodi 
ment of the present invention; 

FIG. 13 is a simpli?ed block diagram illustrating a shared 
register ?le and local register ?le system according to an 
embodiment of the present invention; 

FIG. 14 illustrates a load operation for transferring data 
from a shared register ?le to a local register ?le in the system 
of FIG. 13; 

FIG. 15 illustrates a store operation for transferring data 
from a local register ?le to a shared register ?le in the system 
of FIG. 13; 

FIG. 16 is a block diagram of a data steering circuit 1600 
for data interconnect 1310 according to an embodiment of the 
present invention; and 

FIG. 17 illustrates a quad of pixels for Which a sWiZZle 
operation is implemented according to an embodiment of the 
present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

Embodiments of the present invention relate to a shared 
memory usable by concurrent threads in a multithreaded pro 
cessor, in Which any addressable storage location is readable 
and Writeable by any of the threads. Processing engines that 
execute the threads are coupled to the shared memory via an 
interconnect that transfers data in only one direction (e.g., 
from the shared memory to the processing engines); the same 
interconnect supports both read and Write operations. The 
interconnect advantageously supports multiple parallel read 
or Write operations. The single-direction data interconnect 
can reduce chip area and poWer consumption as compared to 
providing separate read and Write interconnects. In some 
embodiments, the shared memory is accessed as a shared 
cache memory (through associative tag lookup); in others, 
locations in the shared memory are accessed directly by 
address. Accordingly, the term “shared memory” as used 
herein is to be understood as including cache memory as Well 
as directly accessed memory. 

System OvervieW 
FIG. 1 is a block diagram of a computer system 100 accord 

ing to an embodiment of the present invention. Computer 
system 100 includes a central processing unit (CPU) 102 and 
a system memory 104 communicating via a bus path that 
includes a memory bridge 105. Memory bridge 105, Which 
may be, e.g., a Northbridge chip, is connected via a bus or 
other communication path 106 (e.g., a HyperTransport link) 
to an I/O (input/output) bridge 107. I/O bridge 107, Which 
may be, e.g., a Southbridge chip, receives user input from one 
or more user input devices 108 (e.g., keyboard, mouse) and 
forWards the input to CPU 102 via path 106 and memory 
bridge 105.A parallel processing subsystem 112 is coupled to 
memory bridge 105 via a bus or other communication path 
113 (e.g., a PCI Express orAccelerated Graphics Port link); in 
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6 
one embodiment parallel processing subsystem 112 is a 
graphics subsystem that delivers pixels to a display device 
110 (e.g., a conventional CRT or LCD based monitor). A 
system disk 114 is also connected to I/ O bridge 107. A sWitch 
116 provides connections betWeen I/O bridge 107 and other 
components such as a netWork adapter 118 and various add-in 
cards 120 and 121. Other components (not explicitly shoWn), 
including USB or other port connections, CD drives, DVD 
drives, and the like, may also be connected to I/O bridge 107. 
Communication paths interconnecting the various compo 
nents in FIG. 1 may be implemented using any suitable pro 
tocols, such as PCI (Peripheral Component Interconnect), 
PCI Express (PCI-E), AGP (Accelerated Graphics Port), 
HyperTransport, or any other bus or point-to-point commu 
nication protocol(s), and connections betWeen different 
devices may use different protocols as is knoWn in the art. 

Parallel processing subsystem 112 includes a parallel pro 
cessing unit (PPU) 122 and a parallel processing (PP) 
memory 124, Which may be implemented, e.g., using one or 
more integrated circuit devices such as programmable pro 
cessors, application speci?c integrated circuits (ASICs), and 
memory devices. PPU 122 advantageously implements a 
highly parallel processor including one or more processing 
cores, each of Which is capable of executing a large number 
(e.g., hundreds) of threads concurrently. PPU 122 can be 
programmed to perform a Wide array of computations, 
including data transforms such as FFTs. PPU 122 may trans 
fer data from system memory 104 and/or PP memory 124 into 
internal memory, process the data, and Write result data back 
to system memory 104 and/or PP memory 124, Where such 
data can be accessed by other system components, including, 
e.g., CPU 102. In some embodiments, PPU 122 is a graphics 
processor that can also be con?gured to perform various tasks 
related to generating pixel data from graphics data supplied 
by CPU 102 and/or system memory 104 via memory bridge 
105 and bus 113, interacting With PP memory 124 (Which can 
be used as graphics memory including, e.g., a conventional 
frame buffer) to store and update pixel data, delivering pixel 
data to display device 110, and the like. In some embodi 
ments, PP subsystem 112 may include one PPU 122 operating 
as a graphics processor and another PPU 122 used for gen 
eral-purpose computations, and the PPUs may be identical or 
different, and each PPU may have its oWn dedicated PP 
memory device(s) or no dedicated PP memory device(s). 
CPU 102 operates as the master processor of system 100, 

controlling and coordinating operations of other system com 
ponents. In particular, CPU 102 issues commands that control 
the operation of PPU 122. In some embodiments, CPU 102 
Writes a stream of commands for PPU 122 to a command 

buffer, Which may be in system memory 104, PP memory 
124, or another storage location accessible to both CPU 102 
and PPU 122. PPU 122 reads the command stream from the 
command buffer and executes commands asynchronously 
With operation of CPU 102. 

It Will be appreciated that the system shoWn herein is 
illustrative and that variations and modi?cations are possible. 
The connection topology, including the number and arrange 
ment of bridges, may be modi?ed as desired. For instance, in 
some embodiments, system memory 104 is connected to CPU 
102 directly rather than through a bridge, and other devices 
communicate With system memory 104 via memory bridge 
105 and CPU 102. In other alternative topologies, graphics 
subsystem 112 is connected to I/O bridge 107 rather than to 
memory bridge 105. In still other embodiments, I/O bridge 
107 and memory bridge 105 might be integrated into a single 
chip. The particular components shoWn herein are optional; 
for instance, any number of add-in cards or peripheral devices 
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might be supported. In some embodiments, switch 116 is 
eliminated, and network adapter 118 and add-in cards 120, 
121 connect directly to I/O bridge 107. 
The connection of PPU 122 to the rest of system 100 may 

also be varied. In some embodiments, PP system 112 is 
implemented as an add-in card that can be inserted into an 
expansion slot of system 100. In other embodiments, a PPU 
can be integrated on a single chip With a bus bridge, such as 
memory bridge 105 or I/ O bridge 107. In still other embodi 
ments, some or all elements of PPU 122 may be integrated 
With CPU 102. 
A PPU may be provided With any amount of local PP 

memory, including no local memory, and may use local 
memory and system memory in any combination. For 
instance, PPU 122 can be a graphics processor in a uni?ed 
memory architecture (U MA) embodiment; in such embodi 
ments, little or no dedicated graphics (PP) memory is pro 
vided, and PPU 122 Woulduse system memory exclusively or 
almost exclusively. In UMA embodiments, the PPU may be 
integrated into a bridge chip or provided as a discrete chip 
With a high-speed link (e.g., PCI-E) connecting the PPU to the 
bridge chip and system memory. 

It is also to be understood that any number of PPUs may be 
included in a system, e.g., by including multiple PPUs on a 
single add-in card or by connecting multiple graphics cards to 
path 113. Multiple PPUs may be operated in parallel to pro 
cess data at higher throughput than is possible With a single 
PPU. 

Systems incorporating PPUs may be implemented in a 
variety of con?gurations and form factors, including desktop, 
laptop, or handheld personal computers, servers, Worksta 
tions, game consoles, embedded systems, and so on. 

Core OvervieW 
FIG. 2 is a block diagram of a PPU 122 usable in an 

embodiment of the present invention. PPU 122 includes a 
core 210 con?gured to execute a large number of threads in 
parallel, Where the term “thread” refers to an instance of a 
particular program executing on a particular set of input data. 
In some embodiments, single-instruction, multiple-data 
(SIMD) instruction issue techniques are used to support par 
allel execution of a large number of threads Without providing 
multiple independent instruction units. 

In one embodiment, core 210 includes an array of P (e. g., 8, 
16, etc.) parallel processing engines 202 con?gured to receive 
SIMD instructions from a single instruction unit 212. Each 
processing engine 202 advantageously includes an identical 
set of functional units (e.g., arithmetic logic units, etc.). The 
functional units may be pipelined, alloWing a neW instruction 
to be issued before a previous instruction has ?nished, as is 
knoWn in the art. Any combination of functional units may be 
provided. In one embodiment, the functional units support a 
variety of operations including integer and ?oating point 
arithmetic (e.g., addition and multiplication), comparison 
operations, Boolean operations (AND, OR, XOR), bit-shift 
ing, and computation of various algebraic functions (e.g., 
planar interpolation, trigonometric, exponential, and loga 
rithmic functions, etc.); and the same functional-unit hard 
Ware can be leveraged to perform different operations. 

Each processing engine 202 uses space in a local register 
?le (LRF) 204 for storing its local input data, intermediate 
results, and the like. In one embodiment, local register ?le 204 
is physically or logically divided into P lanes, each having 
some number of entries (Where each entry might store, e. g., a 
32-bit Word). One lane is assigned to each processing engine 
202, and corresponding entries in different lanes can be popu 
lated With data for different threads executing the same pro 
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8 
gram to facilitate SIMD execution. In some embodiments, 
each processing engine 202 can only access LRF entries in the 
lane assigned to it. The total number of entries in local register 
?le 204 is advantageously large enough to support multiple 
concurrent threads per processing engine 202. 
Each processing engine 202 also has access to an on-chip 

shared memory 206 that is shared among all of the processing 
engines 202 in core 210. Shared memory 206 may be as large 
as desired, and in some embodiments, any processing engine 
202 can read to or Write from any location in shared memory 
206 With equally loW latency (e.g., comparable to accessing 
local register ?le 204). In some embodiments, shared 
memory 206 can be implemented using shared cache 
memory. An example implementation of shared memory 206 
is described beloW. 

In addition to shared memory 206, some embodiments also 
provide additional on-chip parameter memory and/or 
cache(s) 208, Which may be implemented, e.g., as a conven 
tional RAM or cache. Parameter memory/cache 208 can be 
used, e.g., to hold state parameters and/or other data (e.g., 
textures or primitives for a shader program) that may be 
needed by multiple threads. Processing engines 202 also have 
access via a memory interface 216 to additional off-chip 
global memory 220, Which includes, e.g., PP memory 124 
and/or system memory 104, With system memory 104 being 
accessible by memory interface 216 via a bus interface 218; it 
is to be understood that any memory external to PPU 122 may 
be used as global memory 220. Memory interface 216 and bus 
interface 218 may be of generally conventional design, and 
other appropriate interfaces may be substituted. Processing 
engines 202 are advantageously coupled to memory interface 
216 via an interconnect (not explicitly shoWn) that alloWs any 
processing engine 202 to access global memory 220. 

In one embodiment, each processing engine 202 is multi 
threaded and can execute up to some number G (e.g., 24) of 
threads concurrently, e. g., by maintaining current state infor 
mation associated With each thread in a different portion of its 
assigned lane in local register ?le 204. Processing engines 
202 are advantageously designed to sWitch rapidly from one 
thread to another so that instructions from different threads 
can be issued in any sequence Without loss of e?iciency. 

Instruction unit 212 is con?gured such that, for any given 
processing cycle, the same instruction (INSTR) is issued to 
all P processing engines 202. Thus, at the level of a single 
clock cycle, core 210 implements a P-Way SIMD microarchi 
tecture. Since each processing engine 202 is also multi 
threaded, supporting up to G threads, core 210 in this embodi 
ment can have up to P*G threads executing concurrently. For 
instance, if PIl 6 and G:24, then core 210 supports up to 384 
concurrent threads. 

Because instruction unit 212 issues the same instruction to 
all P processing engines 202 in parallel, core 210 is advanta 
geously used to process threads in “SIMD groups.” As used 
herein, a “SIMD group” refers to a group of up to P threads of 
execution of the same program on different input data, With 
one thread of the group being assigned to each processing 
engine 202. (A SIMD group may include feWer than P 
threads, in Which case some of processing engines 202 Will be 
idle during cycles When that SIMD group is being processed.) 
Since each processing engine 202 can support up to G 
threads, it folloWs that up to G SIMD groups can be executing 
in core 210 at any given time. 
On each clock cycle, one instruction is issued to all P 

threads making up a selected one of the G SIMD groups. To 
indicate Which thread is currently active, a “group index” 
(GID) for the associated thread may be included With the 
instruction. Processing engine 202 uses group index GID as a 
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context identi?er, e.g., to determine Which portion of its 
assigned lane in local register ?le 204 should be used When 
executing the instruction. Thus, in a given cycle, all process 
ing engines 202 in core 210 are nominally executing the same 
instruction for different threads in the same group. (In some 
instances, some threads in a group may be temporarily idle, 
e.g., due to conditional or predicated instructions, divergence 
at branches in the program, or the like.) 

Operation of core 210 is advantageously controlled via a 
core interface 203. In some embodiments, core interface 203 
receives data to be processed (e.g., vertex data and/or pixel 
data) as Well as state parameters and commands de?ning hoW 
the data is to be processed (e.g., What program is to be 
executed). Core interface 203 can load data to be processed 
into shared memory 206 and parameters into parameter 
memory 208. Core interface 203 also initialiZes each neW 
thread or SIMD group in instruction unit 212, then signals 
instruction unit 212 to begin executing the threads. When 
execution of a thread or SIMD group is completed, core 210 
advantageously noti?es core interface 203. Core interface 
203 can then initiate other processes, e.g., to retrieve output 
data from shared memory 206 and/or to prepare core 210 for 
execution of additional threads. 

It Will be appreciated that the core architecture described 
herein is illustrative and that variations and modi?cations are 
possible. Any number of processing engines may be included. 
In some embodiments, each processing engine has its oWn 
local register ?le, and the allocation of local register ?le 
entries per thread can be ?xed or con?gurable as desired. 
Further, While only one core 210 is shoWn, a PPU 122 may 
include any number of cores 210, With appropriate Work 
distribution logic to distribute incoming processing tasks 
among the available cores 210, further increasing the process 
ing capacity. Each core 210 advantageously operates inde 
pendently of other cores 210 and has its oWn processing 
engines, shared memory, and so on. Where multiple cores 210 
are present, PPU 122 may include a Work distribution unit 
(not explicitly shoWn) that distributes processing tasks among 
the available cores. 

In accordance With some embodiments of the present 
invention, multithreaded processing core 210 of FIG. 2 can 
execute graphics shader programs such as pixel shaders, ver 
tex shaders, and geometry shaders. As is knoWn in the art, 
graphics processing generally includes a vertex stage, a ras 
teriZation stage, and a pixel (or fragment) stage. At the vertex 
stage, individual vertices of primitives that de?ne various 
objects in a scene are manipulated (e.g., transformed) in 
accordance With the instructions of a vertex shader program. 
Additionally, if a geometry shader program is provided, 
primitives (groups of vertices) may also be manipulated. Ras 
teriZation determines Which primitives are visible in Which 
pixels of the rendered image. In the pixel stage, a color is 
determined for each pixel based on the primitive(s) that cover 
that pixel, in accordance With instructions of a pixel shader 
program. Core 210 is advantageously con?gurable for con 
current execution of vertex shader threads, pixel shader 
threads, and/or geometry shader threads. For example, Where 
core 210 executes multiple SIMD groups, one SIMD group 
might consist of up to P vertex threads While a different SIMD 
group consists of up to P pixel threads. 

Traditionally, a vertex shader program manipulates each 
vertex independently, and a pixel shader program manipu 
lates each pixel independently. Thus, When core 210 executes 
graphics threads, sharing of information (other than state 
parameters for the various shaders) betWeen threads might 
not be required. 
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During graphics processing, hoWever, processing engines 

in core 210 advantageously have access to shared memory 
206, and shared memory 206 may be used to store data for 
each thread, regardless of Whether the data is shared among 
threads. For instance, in the case of vertex threads, shared 
memory 206 can be used to store the input vertex data and/or 
the output vertex data for each thread. 

To the extent that sharing of data among graphics threads is 
desirable, core 210 can exploit shared memory 206 to support 
data sharing. For instance, it has been proposed to introduce 
geometry shader programs that manipulate primitives (or 
groups of primitives) rather than individual vertices. It is 
possible that one vertex could be a part of multiple primitives. 
Accordingly, in some embodiments, shared memory 206 can 
be used to store input data for a geometry shader program, 
making data for a particular vertex available to any thread that 
needs it. 
As another example, in some pixel shader algorithms, it is 

useful to approximate the derivative of some attribute of the 
primitive at the pixel location. This can be done by comparing 
values of the attribute in adjacent pixels. In some embodi 
ments, the attribute values for neighboring (e.g., adjacent) 
pixels are all stored in predictable places in shared memory 
206, and shared memory 206 can be used to support sharing 
of pixel data (referred to herein as “sWiZZling”) among 
threads processing neighboring pixels. Another embodiment 
of the present invention that supports pixel sWiZZling Where 
pixel attribute values are stored in LRF 204 is described 
beloW. 

In addition to graphics operations, some embodiments of 
multithreaded processing core 210 of FIG. 2 can also execute 
general-purpose computations using cooperative thread 
arrays (CTAs).As used herein, a “CTA” is a group of multiple 
threads that concurrently execute the same program on an 
input data set to produce an output data set. Each thread in the 
CTA is assigned a unique thread identi?er (“thread ID”) that 
is accessible to the thread during its execution. The thread ID 
controls various aspects of the thread’s processing behavior. 
For instance, a thread ID may be used to determine Which 
portion of the input data set a thread is to process, to identify 
one or more other threads With Which a given thread is to share 
an intermediate result, and/ or to determine Which portion of 
an output data set a thread is to produce or Write. 
CTAs are advantageously employed to perform computa 

tions that lend themselves to a data parallel decomposition, 
i.e., application of the same processing algorithm to different 
portions of an input data set in order to effect a transformation 
of the input data set to an output data set. Examples include 
matrix algebra, linear and/ or nonlinear transforms in any 
number of dimensions (e.g., fast Fourier transforms), and 
various ?ltering algorithms including convolution ?lters in 
any number of dimensions, separable ?lters in multiple 
dimensions, and so on. The processing algorithm to be 
applied to each portion of the input data set is speci?ed in a 
“CTA program,” and each thread in a CTA executes the same 
CTA program on one portion of the input data set. A CTA 
program can implement algorithms using a Wide range of 
mathematical and logical operations, and the program can 
include conditional or branching execution paths and direct 
and/or indirect memory access. 

Threads in a CTA can share input data, processing param 
eters, and/or intermediate results With other threads in the 
same CTA using shared memory 206. In some embodiments, 
a CTA program includes an instruction to compute an address 
in shared memory 206 to Which particular data is to be Writ 
ten, With the address being a function of thread ID. Each 
thread computes the function using its oWn thread ID and 






















